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We investigated the eﬀect of pretreatment on the physicochemical characteristics—crystallinity, bed porosity, and volumetric
speciﬁc surface of soybean hulls and production of cellulolytic enzymes in solid-state fermentation of Trichoderma reesei and
Aspergillus oryzae cultures. Mild acid and alkali and steam pretreatments signiﬁcantly increased crystallinity and bed porosity
without signiﬁcant change inholocellulosic composition of substrate. Crystalline and porous steam-pretreated soybean hulls
inoculated with T. reesei culture had 4 ﬁlter paper units (FPU)/g-ds, 0.6IU/g-ds β-glucosidase, and 45IU/g-ds endocellulase,
whereas untreated hulls had 0.75FPU/g-ds, 0.06IU/g-ds β-glucosidase, and 7.29IU/g-ds endocellulase enzyme activities. In
A. oryzae steam-pretreated soybean hulls had 47.10IU/g-ds endocellulase compared to 30.82IU/g-ds in untreated soybean hulls.
Generalizedlinearstatisticalmodelﬁttedtoenzymeactivitydatashowedthateﬀectsofphysicochemicalcharacteristicsonenzymes
production were both culture and enzyme speciﬁc. The paper shows a correlation between substrate physicochemical properties
and enzyme production.
1.Introduction
With increasing emphasis on bio-based fuels and chemicals,
the cellulase market is expected to increase dramatically [1].
To create a sustainable bioeconomy, cellulases need to be
produced cost-eﬀectively and possess excellent biocatalytic
properties [2]. Solid-state fermentation (SSF) oﬀers a low-
cost alternative for producing cellulases using natural poly-
mers derived from agroindustrial residues [3, 4].
SSF is deﬁned as a discrete solid phase in which microor-
ganisms grow on the surface of moist particles as well as
inside and between them. The space between particles is
occupied by a continuous gas phase [5]. Gas phase in SSF
is strongly aﬀected by the size, shape, and tortuosity of
a network of gas-ﬁlled pores. The air- or gas-ﬁlled pores are
referred to as bed porosity, which is deﬁned as the volume
of gas contained in the system at any given time (void
fraction) [6]. Availability of spaces between particles ensures
availability of oxygen that improves enzyme production in
aerobic fungal cultures [7–9]. Chutmanop et al. [10]s h o w e d
that by blending rice bran with wheat bran resulted in sub-
stantial improvement in the morphology of rice bran which
improved protease production during solid-state culturing
of A. oryzae. The increase in bed porosity of the substrate
could be the reason behind improved production; however,
no attempts were made to measure bed porosity to show its
relationship to enzyme production. Several authors in the
past have suggested the merits of open porous solid beds but
no explicit investigation has been conducted yet that relates
bed porosity with enzyme production in SSF. In industrial
scaleSSFprocesses,bedporosityisessentialbutnotsuﬃcient
for complete process control. Other parameters, such as
microbial cell physiology, composition of the solid substrate,
and substrate reactivity also could inﬂuence the productivity
of the process [11, 12].
Substrate reactivity, especially in case of cellulosic sub-
strates, is inﬂuenced by physicochemical characteristics of2 Enzyme Research
the substrate at diﬀerent levels. At microﬁbril level it is
crystallinity ofcellulose, and at ﬁber levelit isspeciﬁc surface
area (characterizing pore size or degree of swelling) [13–15].
The increase in cellulase reactivity due to increase in speciﬁc
surface area is attributed to the creation of surface openings
or internal slits, voids, or spaces, by the removal of cell
wall components, that enhances the direct physical contact
between the enzymes and the substrate [16]. During growth
on complex substrates, propagation of fungal mycelium
occurs via production of enzymes that drive hydrolytic reac-
tions. The hydrolytic reactions are responsible for generation
of soluble sugars that facilitate fungal growth. It has been
proposed that the hydrolysis occurs eﬃciently when the
pores within the substrate are large enough to accommodate
both large and small enzyme components to maintain the
synergistic action of the enzyme system [14, 17, 18]. On the
other hand, reduced surface area impedes this synergistic
action.
Crystalline cellulose digestion requires concerted action
of exo- and endoglucanases. The crystalline nature of the
carbon source used to induce cellulolyticexpression in many
species of fungi signiﬁcantly inﬂuences the hydrolytic poten-
tial of the enzyme preparation [19]. Evans et al. [20]s h o w e d
that crystalline-cotton-induced cellulolytic complex derived
from submerged T. reesei cultures exhibited higher potential
in hydrolyzing crystalline cellulose than Solka-Floc-induced
cellulases. Fungi growing on complex cellulosic substrates
are prone to catabolite repression by glucose [21]. The
extent of catabolite repression depends on the rate of glucose
formation, which in turn depends on the secretion of
enzymes that degrade cellulose. Fan et al. [22, 23], and, more
recently, Ciolacu et al. [24]a n dH a l le ta l .[ 25]h a v e
shown that the rate of cellulose degradation is dependent
on crystallinity of the cellulosic substrate. In other words,
crystallinity of cellulosic sample could alter not only the
quality of enzymes (the proportion of various activities
with cellulolytic enzyme complex) but also the quantity of
enzymes produced. Thus, studies delineating the eﬀects of
crystallinity on enzyme production in SSF are of signiﬁcant
interest.
The growth of fungi in natural substrates is usually slow
and this limitation must be overcome by suitable mechanical
and chemical pretreatment of the raw substrate [26]. How-
ever, pretreatments are known to induce structural changes
in cellulosic substrates, which could alter the physicochemi-
cal properties of the substrate [2]. The eﬀect of pretreatment
methods on physicochemical characteristics of substrate
and its repercussions on cellulolytic enzyme productivity in
fungal solid-state fermentation has not been investigated so
far, which is evident from the recent reviews on SSF [3, 27].
An in-depth understanding of the role of physicochemical
characteristics of substrate on cellulase production in SSF
would provide a framework for comprehensive analysis of
critical design issues that should facilitate cellulase produc-
tion with enhanced biocatalysis.
The present study aimed to determine the role of
pretreatment techniques in altering the physicochemical
characteristics—bed porosity, volumetric speciﬁc surface,
and crystallinity of solid-state substrate. In addition, the
eﬀect of change in physicochemical attributes on enzyme
production in fungal solid-state fermentation was studied
with respect to type of fungal species and diﬀerent cellu-
lolytic enzyme activities. The pretreatments were carefully
chosen to limit the eﬀect on the chemical compositional
changes of solid substrate, which would otherwise diminish
the role of physicochemical attributes. Since crystallinity is
criticalto this study,a new methodof measuring crystallinity
of complex cellulosic substrate was also discussed.
2.Materialsand Methods
2.1. Sample Preparation. Untreated ground soybean hulls
(purchased from Archer Daniels Midland, Salina, KS, USA),
herein referred to as native soybean hulls, had a geometric
mean diameter, dgw,o f0 . 6 1 ±0.002 mm. Native soybean
hullswere subjected tofour diﬀerenttreatments before being
used for production of the cellulolytic enzyme system: (1)
steam pretreatment, in which a 5% (w/v) slurry of soybean
hulls in distilled water was pressure cooked at 121◦Cf o r
60min; (2) hydrochloric acid pretreatment, in which a 5%
(w/v) slurry of soybean hulls in 1N HCl was kept on
a gyratoryshaker (150rpm)for 24h atambienttemperature;
(3) sulfuric acid pretreatment, in which a 5% (w/v) slurry of
soybean hulls in 1N H2SO4 was kept on a gyratory shaker
(150rpm) for 24h at ambient temperature (4) sodium
hydroxide pretreatment, in which a 5% (w/v) slurry of
soybean hulls in 1N NaOH was kept on a gyratory shaker
(150rpm) for 24h at ambient temperature. After acid and
alkali pretreatments, treated soybean hulls were collected by
ﬁltration andextensively washed withdistilled water. ThepH
wasadjustedtoapproximately5.5.Steam-pretreated soybean
hulls were washed once. All treated substrates were dried
overnight at 45◦C in a forced-draft oven (Fisher Scientiﬁc,
USA).Dried substrates were used for compositional analysis,
analysis of physicochemical characteristics, and production
of enzymes. Treatments were performed in quadruplets.
2.2. SSF for Cellulolytic Enzyme System Production in Native
and Pretreated Soybean Hulls. Two fungal cultures T. reesei
(ATCC 26921) and A. oryzae (ATCC 12892) were used for
SSF of native and pretreated soybean hulls. Cultures were
used as both mono and mixed (1:1). Native and pretreated
dried soybean hulls (5g) were adjusted to 70% (wet basis)
moisture content (mc) by using Mandels media [28]o fp H5
andweresterilizedinaverticalsterilizer(121◦C/15psigauge)
for 30 minutes. Cultures were added as spore suspensions
(108 spores/mL-suspension) at the loading of 0.1mL per
gram dry substrate. The propagation, maintenance, and
generation of spore suspensions are described in [29].
Flasks containing two cultures in the ratio of 1:1 were
labeled as mixed. Flasks were incubated for 5 days at 30◦C.
The conditions of temperature, pH, moisture (70%), and
incubation days of the SSF process used in this study were
optimized previously [29]. Following incubation, enzymes
were extracted and analyzed per section analytical methods.Enzyme Research 3
2.3.Analysis of Physical Parameters: Bed Porosity. Porosity (ε)
of the samples was computed from the values of true density
and bulk density by using the relationship described in [30]
as follows:
ε =
 
1 −
ρb
ρt
 
×100. (1)
Truedensity(ρt)wasdeterminedusingastandardliquidpyc-
nometer by determining the volume of the sample at various
moisture contents. Volume (V,c m 3) was calculatedfrom the
following relationship [31]:
V =
 
Mps − Mp
 
−
 
Mpts − Mt
 
ρtol
,( 2 )
where Mt is mass of the pycnometer ﬁlled with toluene,
Mps is the mass of pycnometer and sample, Mp is mass of
the pycnometer, Mpts is mass of the pycnometer ﬁlled with
toluene and sample, and ρtol is the density of toluene.
Knowing V, the true density (g/cc) then can be calculated
from the following expression:
ρt =
 
Mps − Mp
 
V
. (3)
Bulk density (ρb) is estimated by weighing the samples
(70%mc) afterpouring in a vessel ofknownvolume(10mL)
[30].
2.4. Analysis of Physical Parameters: Volumetric Speciﬁc Sur-
face(cm−1). Volumetricspeciﬁcsurfaceisdeﬁnedasexternal
surface area per unit volume of the samples [32]. Volumetric
speciﬁc surface of samples was determined from particle
size analysis [33]. Samples were sieved using USA standard
testing sieves stacked in order of decreasing aperture size
above the collection pan placed in Ro-Tap sieve sifter (Laval
Lab Inc., Canada). Weight of oversize generated during
sieving was used to compute geometric mean diameter (dgw)
and geometric standard deviation (Sgw) according to the
following equations:
dgw = log
−1
   
Wilogdi
 
 
Wi
 
Sgw = log
−1
             
⎛
⎜ ⎜
⎝
  
Wi
 
logdi − logdgw
 2 
 
Wi
⎞
⎟ ⎟
⎠,
(4)
where di is the diameter of the ith sieve in the stack and Wi
is the weight fraction on the ith sieve. Using dgw and Sgw,
surface area per gram was calculated as follows [33]:
S
 
cm2/g
 
=
βs
ρβv
exp
 
0.5ln
2Sgw − lndgw
 
. (5a)
Volumetric speciﬁc surface (SA,c m −1) can then be obtained
from (5a) by multiplying it with speciﬁc weight (ρ)( g / c m 3),
that is,
SA
 
cm−1 
=
βs
βv
exp
 
0.5ln
2 Sgw − lndgw
 
,( 5 b )
where βs is the shape coeﬃcient for calculating surface area
of particles (ﬁxed at 6) and βv is the shape coeﬃcient for
calculating volume of particles (ﬁxed at 1) [33].
2.5. Analysis of Physical Parameters: Wide-Angle X-Ray
Diﬀraction. Wide-angle X-ray diﬀraction (XRG 3100 X-ray
generator, Phillips Electronics Instrument Inc., TX, USA)
was used to estimate the crystallinity of native and pretreated
soybean hulls. The X-rays from a Cu tubeoperating at 35KV
and 20mA were collected by an energy dispersive detector
that is able to resolve CuKα line. Counts were collected at
as t e ps i z eo f0 . 0 2 ◦ at a series of angles between 5◦ and 40◦.
Speed of count collection was 0.6◦/min.
2.6. Analysis of Physical Parameters: Crystallinity Calculations
Using Deconvolution Method. The raw diﬀractograms were
subjected to a ﬁtting procedure using a nonlinear least
squares numerical procedure. The deconvolution method
separates amorphous and crystalline contributions to the
diﬀraction spectrum under curve-ﬁtting process by selecting
as h a p ef u n c t i o n[ 34]. In this method it is very important
to understand the major sources that contribute to the
shape function of the observed X-ray proﬁle h(2θ), which
is a convolution (Θ) of the intrinsic specimen proﬁle f(2θ)
with the spectral distribution (W) and the instrumental
function (G) superimposed over the background b [35], as
given below:
h(2θ) =
 
(WΘG)Θf
 
(2θ)+ b. (6)
The Voigt function, which is a convolution of Gaussian
and Lorentzian peak functions, would include both Gaus-
sian intrinsic broadening of the specimen along with the
Lorentzian instrumental proﬁle that considers the back-
ground from amorphous scattering. The Voigt function,
therefore, appropriately takes into account the peak broad-
ening due to diﬀusive scattering [35, 36].
Using the Voigt function intensity of the reﬂection is
represented by following equation [35]:
f(2θ)
=
ao
  ∞
−∞
 
exp
 
−(2θ)
2 
/
 
a2
l +
 
(x − ac)/ag − 2θ
 2  
d(2θ)
  ∞
−∞
 
exp
 
−
 
−(2θ)
2  
/
 
a2
l + (2θ)
  
d(2θ)
,
(7)
where ao is the amplitude of the peak, ac is the center of
the peak, al is the width of the Lorentzian component, and
ag is the width of the Gaussian component of the peak.
The major reﬂective planes in cellulosic material from plant
sourcescorrespond to thefollowing Miller indices(hkl):101,
101, 002, 021, and 040, with 002 as the prominent reﬂection
representing crystalline cellulose (sometimes resolved into
021 plane as well) [37]. X-ray peaks were ﬁtted using Voigt
function as proﬁle shape function using Peakﬁt (SeaSolve
Software Inc., MA, USA) program. The program was rerun
locking these planes; consequently, ﬁve Voigt functions were
ﬁtted. The ﬁtted peaks were used to evaluate degree of4 Enzyme Research
crystallinity (Xcr)o ft h es a m p l ep e r( 8) described by Wada
et al. [36],
Xcr (%) =
I002 + I021
I101 + I101 + I002 + I021 + I040
× 100, (8)
where I followed by a subscript represents the integrated
intensity of the particular Bragg plane. Crystallinity, there-
fore, represents the fraction of α-cellulose represented by
planes 002 and 021 present in a particular sample.
2.7. Analytical Methods: Compositional Analysis. The ligno-
cellulosic composition of soybean hulls was determined with
anANKOM200FiberAnalyzer(ANKOMTechnology,USA).
Neutral detergent ﬁber (NDF), acid detergent ﬁber (ADF),
andaciddetergentlignin(ADL)were analyzedperprocedure
speciﬁed by the manufacturer (http://www.ankom.com).
Protein content (N ×6.25) was determined by the Kjeldahl
method after digestion and distillation with an autoanalyser
(Leco FP-2000, Leco Corporation, MI, USA). All moisture
measurements were carried out using Denver Infrared
Moisture Analyzer (Model IR35; Fisher Scientiﬁc, USA).Ash
content of soybean hulls was measured using muﬄef u r n a c e
from Fisher Scientiﬁc.
2.8. Enzyme Assay. Crude cellulases were extracted from
various production steps described in Section 2.4 by adding
30mL ofcitrate buﬀer(50mM, pH5)toeach ﬂask and shak-
ing the contents at 150rpm for 30 minutes. Contents were
ﬁltered using coarse ﬁlter paper (Fisher Scientiﬁc, P-8 coarse
grade),and theﬁltrate obtainedwascentrifugedat10,000×g
for 15 minutes at 4◦C (Sorvall RC-6, Thermo Scientiﬁc,
USA). The supernatant was analyzed for ﬁlter paper activity
(FPU/g-ds), endocellulase (IU/g-ds), β-glucosidase (IU/g-
ds), and xylanase (IU/g-ds) activities. Enzymatic assays were
carried out using standard protocols described in Brijwani et
al. [29]. Enzyme activities were reported as units per gram of
dry substrate (g-ds).
2.9. Statistical Analysis. Statistical analysis was carried out
using the GLM procedure in SAS software version 9.1 (SAS
Institute, Cary, NC, USA). Multiple comparisons were con-
ducted using Tukey Kramer HSD at P<. 05.
3.Resultsand Discussion
3.1. Eﬀect of Pretreatments on Compositional Changes in Soy-
bean Hulls. Eﬀects of various pretreatments on compo-
sitional changes in soybean hulls are shown in Table 1.
Data is represented only to outline holocellulose (cellu-
lose+hemicellulose), lignin, protein, and ash content of
soybeanhulls,andnotnecessarily embodycompositionfully.
Soybean hulls are known to contain appreciable amount
of pectin (∼15%) and lipids (<4%) as well [38, 39]. Both
acid and alkali pretreatments enriched the cellulosic fraction
and extracted a small part of the hemicellulosic fraction.
Steam-pretreated soybean hulls, on the other hand, had
a composition similar to that of native soybean hulls. An
interesting ﬁnding was that holocellulosic content was fairly
constant (no signiﬁcant diﬀerence, P<. 05) across the
spectrum of treatments used in this study (Table 1). Total
cellulosic content may be useful to consider because both
cellulose and hemicellulose are implicated in induction of
cellulolytic enzyme complex [40]. Henceforth, subjecting
soybean hulls to mild pretreatments preserved the holocel-
lulosic composition of native soybean hulls.
3.2. Eﬀect of Pretreatments on Changes in Physical Attributes
of Soybean Hulls: Bed Porosity and Volumetric Speciﬁc Surface
of Pretreated Soybean Hulls. There was a substantial increase
in the bed porosity (Table 2), estimated at 70% mc, for
pretreatedsoybeanhullscomparedwithnativesoybeanhulls.
The increase in bed porosity is likely due to modiﬁcation
of the internal structure of soybean hulls that led to redis-
tribution and partial solubilization of hemicellulose and
swelling of the substrate [42]. Volumetric speciﬁc surface
(cm−1), on the other hand, was similar for pretreated and
native soybean hulls. Notably, volumetric speciﬁc surface
measurements were the outcome of particle size analysis that
accountedonly for external surface area; however, ﬁbers have
lumen characterized by hollow space. It is the interﬁbrillar
space sometimes referred to as “internal porosity” that has
capability of accommodating large enzyme molecules and
leads to thorough digestibility. Chemical pretreatment tends
to enlarge intermicroﬁbrillar spaces by dissolution of cell
wall capillaries [18]. Unfortunately, ﬁnding a simple tech-
nique to determine lumen internal surfaces is diﬃcult, and
volumetric speciﬁc surface incorporating external particle
diameterisunabletocapturetheinternalspeciﬁc area, which
characterizes microﬁbrillar spaces [32]. This was evident in
the current study when the volumetric speciﬁc surface of
pretreated and untreated soybean hullswere not signiﬁcantly
diﬀerent (P<. 05). Apparently, it seems essential to identify
ormodifycurrenttechniquesthatcaneasilyimplementrapid
and routine analysis of internal surface area, and therefore
warrants future investigations.
3.3. X-Ray Crystallinity of Native and Pretreated Soybean
Hulls. Wide-angle X-ray diﬀraction has been used exten-
sively to measure the crystallinity of cellulosic substrates.
Crystallinity in the polymeric sample may be measured in
several ways from an X-ray diﬀractogram; themost common
is the peak intensity method [43]. The method requires
amorphousmaterial to diﬀractwiththesame intensityat 18◦
(∼101plane) and 22◦ (002 plane), and does not account for
peak shifting or overlap. Moreover, the crystallinity values
predicted by this method are usually overestimated [25].
Further, this method assumes highest peak (002) as the only
determinant of the cellulose crystallinity [34], which is cer-
tainly not the case as ﬁve planes have been identiﬁed respon-
sible for the characteristic reﬂection. Finally, lignocellulosic
substrates contain appreciableamounts ofhemicellulose and
lignin that lead to diﬀusive X-ray scattering (reﬂection), a
hallmark of paracrystalline substances [44, 45]. Given these
drawbacks of the peak intensity method, a sophisticated
technique using deconvolution was successfully applied in
our studies to X-ray spectra of both native and pretreatedEnzyme Research 5
Table 1: Composition of various substrates (dry basis).
Sample Cellulose (ADF-ADL) Hemicellulose (NDF-ADF) Holocellulose∗ Lignin (ADL) Protein Ash
Native soybean hulls 45.90±0.60 19.59±0.57 65.48±1.14A 0.75±0.09 11.96±0.06 5.21±0.01
Steam-treated soybean hulls 49.99±2.67 19.32±0.83 69.31±3.38A 1.19±0.15 10.43±0.07 2.67±0.05
HCl-treated soybean hulls 57.19±0.40 15.33±0.96 72.52±1.08A 1.33±0.07 9.60±0.03 2.55±0.05
H2SO4-treated soybean hulls 54.74±0.47 17.39±0.77 72.14±1.23A 1.47±0.19 10.11±0.11 2.78±0.08
NaOH-treated soybean hulls 60.45±1.61 15.66±1.58 76.11±3.15A 1.23±0.03 3.45±0.06 3.26±0.06
∗Represents sum of cellulose and hemicellulose; data are expressed as mean±SE; n = 4; means with same letters do not diﬀer signiﬁcantly. Pairwise
comparisons between total cellulosicswere tested using Tukey Kramer HSD at P<. 05.
Table 2: Physical attributes of various substrates.
Sample Degree of
crystallinity (%)
Adj. R2 for X-ray
ﬁtting
RMSE for X-ray
ﬁtting Bed porosity (%) Volumetric speciﬁc
surface (cm−1)
Native
soybean hulls 42.56±3.34 0.91 15.06 40.41±1.91 122.28±1.91
Steam-
treated
soybean hulls
57.16±2.39 0.94 12.48 57.45±0.50 120.41±2.34
HCl-treated
soybean hulls 56.29±0.12 0.94 13.40 53.65±0.12 120.28±2.47
H2SO4-
treated
soybean hulls
56.53±0.12 0.95 13.35 50.02±0.68 120.77±2.16
NaOH-
treated
soybean hulls
59.72±0.43 0.96 11.70 56.77±0.57 128.09±1.84
Data are expressed as mean±SE; n = 4. It should be noted that RMSE values are scaled on y-axis that represents X-ray intensities of various peaks
corresponding to Bragg planes. Peak values are usuallyin the range of 100–500 counts.
soybean hulls for crystallinity measurements. This method
is relatively new in the arena of lignocellulosic biofuels
research, although it is routinely used in polymer science
research [41].
The ﬁtted X-ray diﬀractograms using Voigt function are
s h o w ni nF i g u r e s1(a)–1(e) for both native and pretreated
soybean hulls. Fit was assessed using R2. Almost all diﬀrac-
tograms using this scheme had R2 > 0.95. Also, featured
in the Table 2 are adjusted R2 (Adj. R2) and root mean
square error (RMSE) of the ﬁt. The higher value of adjusted
R2 and lower RMSE further conﬁrmed the goodness of
ﬁt. Notice the ﬁve peaks corresponding to identiﬁed lattice
planes and gradual evolution of peaks in pretreated soybean
hulls compared to native soybean hulls indicating increase
in degree of crystallinity due to pretreatments. Degree of
crystallinity was calculated from (8), and the values are
listed in Table 2. The steam, acid, and alkali pretreatments
all resulted in a signiﬁcant increase in degree of crystallinity
compared to native soybean hulls. The pretreated soybean
hulls had crystallinity from 57 to 59% (Table 2). The
enhancement in crystallinity is due to enrichment in the α-
cellulose fraction in the pretreated samples due to reduction
intheinterlockingamorphouscellulosicchainsandplausible
correction in lattice defectsof cellulose during pretreatments
[46, 47]. The α-cellulose fraction is the crystalline cellulose
of plant polymers and is responsible for the characteristic
X-ray diﬀraction. Additionally, due to the mild nature
of pretreatments, enrichment in α-cellulose fraction was
possible by selective reduction of the amorphous phase.
The outcome could have been diﬀerent if harsh chemical
pretreatments (using high temperature and pressure) were
employed.
3.4. Eﬀect of Pretreatment Methods on Production of Cellu-
lolytic Enzyme System. Production of a cellulolytic enzyme
system was assessed through measurement of four leading
activities: ﬁlter paper units (FPU/g-ds (dry substrate)), β-
glucosidase (IU/g-ds), endocellulase (IU/g-ds), and xylanase
(IU/g-ds). Inspection of Figure 2 reveals that enzyme pro-
duction in both mono and mixed cultures of T. reesei and
A. oryzae was signiﬁcantly reduced in alkali-pretreated soy-
bean hulls compared to native, steam-, and acid-pretreated
substrates. Gossett et al. [48] stated that an important aspect
of alkali pretreatment is that biomass itself consumes some
of the alkali. As a result, changes brought about by alkali
pretreatment can cause solubilization, distribution, and con-
densation of lignin and hemicellulose and modiﬁcation of
cellulosic structure. These eﬀects can counter the positive
eﬀects rendered by alkali pretreatment. Aiello et al. [49]
showed that alkali-pretreated sugarcane bagasse in liquid
fermentation of T. reesei (QM 9414) signiﬁcantly decreased
cellulase yield over untreated bagasse. Cellulolytic enzyme
production in HCl- and H2SO4-pretreated soybean hulls
was signiﬁcantly (P<. 05) lower as well for both cultures
comparedtoproductioninbothnativeand steam-pretreated
substrates. Acid pretreatment of lignocellulosics is known6 Enzyme Research
Table 3: Eﬀect of interaction between crystallinity and bed porosity of substrates on cellulolytic enzyme production in both mono and
mixed SSF of T. reesei and A. oryzae.
Interaction Culture Cellulolytic enzyme system Treatments
considered
Filter paper
units
(FPU/g-ds)
β-glucosidase
(IU/g-ds)
Endoglucanase
(IU/g-ds)
Xylanase
(IU/g-ds)
Crystallinity
× porosity
Trichoderma
reesei <0.0001∗ 0.0388∗ <0.0001∗ 0.0472 Native, steam
Crystallinity
× porosity
Aspergillus
oryzae 0.4629 0.9218 0.0005∗ 0.9912 Native, steam
Crystallinity
× porosity Mixed 0.0044∗ 0.0449 0.0257∗∗ 0.9061 Native, steam
∗Indicates Tukey probability for a particular interaction is signiﬁcant at 95% conﬁdence. ∗∗Indicates signiﬁcance at P<. 05 but not signiﬁcance at P<. 01.
Model (9)r a ni nS A S9 . 1 .
Abbreviations: native, untreated soybean hulls; steam, steam-pretreated soybean hulls.
to generate inhibitory compounds as result of sugar and
lignin degradation during the treatments [50, 51]. Though
the acid pretreatment may result in increased digestibility
of lignocellulosic substrate, the inhibitory compounds have
deleterious eﬀects on enzyme and microbial activity.
Steam pretreatment resulted in signiﬁcant (P<. 05)
and substantial enhancement in production of all cellu-
lolytic activities in T. reesei culture compared to production
in untreated soybean hulls. The production of xylanase,
though, was not signiﬁcantly (P<. 05) diﬀerent. Steam-
pretreated soybean hulls had about 4FPU/g-ds compared
with 0.75FPU/g-ds in native and endocellulase of 45IU/g-ds
compared with 7.29IU/g-ds in native. β-glucosidase activity
also improved signiﬁcantly (P<. 05) in steam-pretreated
compared with native soybean hulls. The preponderance of
these results is apparent from the fact that both native and
steam pretreated soybean hulls had compositional similar-
ity (Table 1) but signiﬁcantly diﬀerent enzyme production
(Figure 2). This is a key indication that in SSF, in which fun-
gal mycelium is in direct contact with the substrate particles,
the physicochemical nature of the substrate is important in
addition to its composition.
In A. oryzae no signiﬁcant diﬀerences (P<. 05) occurred
in enzyme production between steam-pretreated and native
soybean hulls except in endoglucanase levels. In steam-
pretreated soybean hulls, A. oryzae produced a signiﬁcantly
higher amount of endoglucanase (47IU/g-ds) compared to
that in native substrate (31IU/g-ds). Mixed culture had
similar results as in A. oryzae, where production in steam-
pretreated soybean hulls was not signiﬁcantly diﬀerent (P<
.05) compared to native soybean hulls (Figure 2).
The foregoing indicated steam pretreatment had dispar-
ities in enzyme production, which were both enzyme and
culture speciﬁc. To relate the trends in enzyme production
with physicochemical characteristics of the substrate in the
two fungal cultures, T. reesei and A. oryzae, additional
statistical analysis was performed.
3.5. Eﬀect of Interaction between Crystallinity and Porosity
in Cellulolytic Enzyme System Production in Pretreated Sub-
strates. The interaction of crystallinity and porosity was
modeled using the general linear model of SAS with the
following expression:
yijk = μ+abij + ijk,( 9 )
where is one of the enzyme activities as the dependent
variable, μ is the grand mean (n = 4), abij is the interaction
eﬀect of crystallinity and porosity, and ijk is random error
with mean 0 and experimental error variance as its variance.
Both composition (holocellulose) and volumetric speciﬁc
surface were excluded as they were nearly constant across
pretreatments (Tables 1 and 2). In addition, only native and
steam pretreated substrates were considered in our analysis
because enzyme production in acid- and alkali-pretreated
substrates was lower due to their inhibitory eﬀectson micro-
bial propagation. Crystallinity and porosity were considered
together because both of them were simultaneously altered
when substrates were subjected to pretreatments. It was not
possibletokeeponeconstantandmakeothervariableduring
pretreatments. Broadly speaking, the model represented by
(9) is more reﬂective of one-way variance analysis than
factorial variance analysis.
Examination of data (Table 3)s h o w st h a tf o rT. reesei,
with an increase in crystallinity and porosity due to steam
pretreatment, all cellulolytic enzyme activities increased
signiﬁcantly except xylanase. In A. oryzae fermentation,
signiﬁcant improvement was noticed only in endoglucanase
production whereas, in mixed culture fermentation, signiﬁ-
cant decrease occurred in ﬁlter paper units at P<. 01 and
endoglucanase at P<. 05 as a result of increased crystallinity
and porosity.
Bed porosity ensures oxygen availability between the
moist substrate particles. It is plausibly implicated in the
propagation of fungal culturesand, therefore, aﬀectsenzyme
production. Rahardjo et al. [8, 9] explained this phe-
nomenon by using various model substrates that diﬀered
in the amount of open spaces for production of α-amylase
in solid-state cultures of A. oryzae and explicitly showed
that model substrates with more porous structure had better
enzyme production compared to less porous substrates.
Therefore, decreaseinﬁlterpaperand endoglucanasesactivi-
tiesinmixedculturecomparedtoT. reesei couldbeattributedEnzyme Research 7
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Figure 1: X-ray diﬀractograms. Gaussian smoothingfollowed by Voigt function was used to ﬁt the diﬀractogram output of the instrument.
(a) Native soybean hulls. (b) Steam-pretreated soybean hulls. (c) HCl-pretreated soybean hulls. (d) H2SO4-pretreated soybean hulls.
(e) NaOH-pretreated soybean hulls. Planes corresponding to 2θ are 101 plane (∼15◦), 101( ∼17◦), 021 plane (∼20◦), 002 plane (∼22◦),
and 040 plane (∼34◦). (Adapted from [41]).
t oa n o t h e rf a c t o rt h a ti s ,i n c r e a s ei nc r y s t a l l i n i t y .I ti sa p p a r -
ent from the literature that T. reesei cellulases are particularly
active towards crystalline cellulose [20, 52, 53]; however,
enzymes from Aspergillus spp. lack ability to degrade crys-
talline cellulose [54, 55]. In mixed culture fermentation
wherein A. oryzae was dominant, ﬁlter paper and endocel-
lulase activities were reduced due to the inability of A. oryzae
to digest crystalline substrate. This is further conﬁrmed by
observing the data of A. oryzae fermentation, where no
improvement in cellulolytic activities in steam-pretreated
soybean hulls over native substrate was observed except in
endoglucanase activity.
Evidently, results highlighted that eﬀect of crystallinity
w a ss p e c i ﬁ cf o rt y p eo fc u l t u r ea si tb r o u g h te n h a n c e m e n t
in cellulolytic activities of T. reesei, and this enhancement
was not particularly observed in A. oryzae. The analysis also
showed that within the spectrum of cellulolytic activities
studiednotall activities gotalteredonexposure tocrystalline
substrate. The results are interesting in view of the fact
that pretreatments due to their ability to induce changes in8 Enzyme Research
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Figure2:Eﬀect ofdiﬀerent pretreatments oncellulolyticenzymeproduction in5daysgrownmonoandmixedcultures ofTrichodermareesei
andAspergillus oryzae. (a) Filter paper activity. (b) β-glucosidase activity. (c) Endocellulase activity. (d) Xylanase activity. Abbreviations:T. r,
T.reesei;A.o ,Aspergillus oryzae;mix ,1:1mix t u r eofT.reeseiandA. oryzae cultures; native,untreated soybeanhulls;steam,steam-pretreated
soybean hulls; HCl, hydrochloricacid-pretreated soybean hulls; H2SO4, sulfuric-acid-pretreated soybean hulls; NaOH, sodiumhydroxide-
pretreated soybean hulls. Refer to text for more details on conditions of pretreatments. Data are expressed as mean±SE, n = 4.
physicochemical attributes resulted in altered enzyme pro-
duction in fungal SSF of soybean hulls.
4.Conclusions
For the ﬁrst time, current work demonstrated that mild
pretreatment methods could signiﬁcantly alter the physic-
ochemical attributes of the substrate (soybean hulls) with-
out signiﬁcant changes in holocellulosic composition. The
altered physicochemical attributes due to pretreatment had
signiﬁcant eﬀects on the production of cellulolytic enzyme
activities, and these eﬀects were both culture and enzyme
speciﬁc. A sophisticated deconvolution method was used
to determine X-ray crystallinity from raw diﬀractograms of
both treated and untreated substrates. This method takes
into accountdiﬀusivescatteringduetoparacrystalline nature
of celluloses found in plant material, and therefore provides
consistent and reliable measurements. Steam pretreatment
signiﬁcantly increased both porosity and crystallinity of soy-
bean hulls, and production of all the three cellulase activities
in T. reesei culture (i.e., ﬁlter paper, β-glucosidase, and
endocellulase) compared to untreated substrate. Xylanase
production, however, remained unaltered. While using A.
oryzae culture, signiﬁcant improvement was observed only
in endocellulase whereas in the mixed culture fermentation,
ﬁlter paper, and endocellulase activities decreased in steam-
pretreated soybean hulls.
Further study of porosity and crystallinity and their
eﬀectson enzyme production is necessary if we are to under-
stand fully the eﬀects of physiochemical attributes. Our
studies highlighted the eﬀects of pretreatment methods,Enzyme Research 9
changes in the physiochemical characteristics of substrates,
and choice of fungal culture in SSF on enzyme production.
Experimental methods to enhance enzyme production are
imperativeforthesuccessofthebiofuelsindustry,whichuses
enzymatic and microbial fermentation platform.
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